The anginal threshold was determined by atrial pacing in 23 patients with coronary artery disease. Twelve of the 23 subjects also performed supine exercise at progressive workloads until the onset of angina. Atrial pacing produced a fall in left ventricular stroke work index and left ventricular end-diastolic pressure (LVEDP); cardiac output increased, and, with the onset of angina, left ventricular dysfunction was sometimes evidenced, either by an increase in LVEDP or by an abnormal LVEDP in the postpacing period. In contrast, exercise consistently produced left ventricular dysfunction. The tension-time index at the onset of angina was similar whether the pain was induced by pacing or exercise. November 30, 1970. Circulation, Volume XLIII, March 1971 Tension-time index tions.9 Extensive experience in work classffication clinics has proven the utility of exercise testing as a reliable indicator of a patient's work capacity.10' 11 In addition, standard exercise tests appear to have some predictive value as to the anatomic severity of coronary artery disease. 12 We have included both atrial pacing and exercise testing in the hemodynamic evaluation of patients with angina pectoris undergoing coronary angiography. Application of these two approaches in the same patient permits a comparison of patterns of hemodynamic response, which in turn can be correlated with the extent of coronary artery disease.
and that the method permits more detailed observations of the anginal state. 6 7 Whether the atrial rate or tensiontime index at the onset of angina provides predictive information regarding the severity of coronary artery disease or ventricular dysfunction has not been explored.
On the other hand, exercise tests have had wide applicability both in the evaluation of patients with angina pectoris and in the assessment of medical8 and surgical interven- Received September 17, 1970 ; revision accepted for publication November 30, 1970. Circulation, Volume XLIII, March 1971 Tension-time index tions.9 Extensive experience in work classffication clinics has proven the utility of exercise testing as a reliable indicator of a patient's work capacity.10' 11 In addition, standard exercise tests appear to have some predictive value as to the anatomic severity of coronary artery disease. 12 We have included both atrial pacing and exercise testing in the hemodynamic evaluation of patients with angina pectoris undergoing coronary angiography. Application of these two approaches in the same patient permits a comparison of patterns of hemodynamic response, which in turn can be correlated with the extent of coronary artery disease.
Methods

Patients
Twenty-three patients with angina pectoris secondary to CAD were selected for study (table 1). All patients had angina pectoris of sufficient severity to be considered for possible surgical intervention, and the frequency of angina had Left ventricular end-diastolic pressure fell with the onset of pacing in all but one patient. The LVEDP tended to decline further with increasing rates, and then to remain stable or increase slightly with the development of angina ( fig. 1) . However, the LVEDP at the onset of angina was significantly lower than the resting LVEDP (P < 0.001). As The cardiac output rose with increasing heart rates in 15 patients, and either remained the same or declined insignificantly in the remainder. The cardiac output was significantly higher at the onset of angina pectoris compared with the control (P < 0.05). Stroke volume fell in all patients as the heart rate was increased (P < 0.001).
The left ventricular stroke work index fell significantly with increasing heart rates (P < 0.01). It returned to control values as pacing was discontinued. Left The tension-time index rose progressively with increasing heart rates. The mean TTI at rest (2815 mm Hg-sec/min) rose to 3472 mm Hg-sec/min at rates near 100 beats/min (P<0.01), and was further increased at the onset of angina.
Atrial Pacing-versus Exercise-Induced Angina Table 3 shows the individual responses of each of the 12 patients, and table 4 compares the average hemodynamic data.
Pacing-induced angina was associated with a significantly higher heart rate than exerciseinduced angina. However, because of the marked individual variation, the supine exercise heart rate was not predictive of the minimal pacing rate required to induce angina.
Although cardiac output rose with pacing, the output was distinctly higher with exercise.
The LVEDP reached abnormal levels in all patients exercised, and always exceeded the LVEDP of patients with pacing-induced angina ( fig. 4) . Assumption of the "feet up" position alone produced an increase in LVEDP in 10 of the 12 exercise subjects. A further increase occurred with exercise and the development of angina pectoris.
Systolic pressure increased or remained stable in all but one patient in the exercise group.
LVSWI was always greater with exerciseb c D J U v t ) 9 50 mm.lsec. There was a good correlation between the tension-time index of pacing-induced angina vs. that of exercise-induced angina (fig. 5) . The product of the systolic blood pressure and heart rate at the onset of angina had a significant but lesser correlation (r = 0.81, P < 0.02). The mean TTI was slightly higher with exercise, whereas the systolic pressureheart rate product was higher with pacing. Neither of these trends was significant. Three patients were repaced following coronary angiography and left ventriculography. Although the pacing rate at the onset of angina was always lower on repacing, the TTI remained very similar in each case.
There was no significant correlation between the pacing rate at the onset of angina and the exercise workload which induced angina.
Angiographic Correlations
The individual angiographic and clinical data are shown in table 5. The pacing rate at the onset of angina in the 23 patients had little correlation with the overall angiographic Exercise-induced angina is associated with a higher LVEDP than pacing-induced angina. severity of the coronary artery disease (r = -0.34, P> 0.1). In contrast, there was a definite relationship between external workload producing angina pectoris and the severity of coronary artery disease (r = -0.71, P < 0.05).
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The appearance of the ventriculogram bore no relationship with the pacing rate that induced angina, although there was a trend to low exercise workloads in poorly contracting ventricles (r =-0.45, P = 0.1).
Clinical Correlations
Workload performed was inversely related to the average number of nitroglycerin tablets taken per week (r -0.76, P = 0.02), and, therefore, the nitroglycerin used also corresponded with the visualized severity of coronary disease (r = 0.63, P = 0.05). Those patients unable to achieve a significant exercise workload were unable to remain employed. There was no relationship between the pacing rate that induced angina and the patient's clinical status or the number of nitroglycerin tablets used.
Discussion
Our data indicate that increasing the heart rate by atrial pacing leads to a fall in stroke volume and left ventricular stroke work index; there is an associated decline in LVEDP. The peak left ventricular systolic pressure changes little, but the cardiac output tends to rise, at least up to rates of about 115 beats/min. The TTI and the product of left ventricular systolic pressure X heart rate increase progressively with the rate. With the onset of angina, the cardiac output and the LVEDP may increase, despite continued decline in LVSWI. This pattern of response indicates a distinct decline in ventricular function, but is not present in all patients. Cessation of pacing reveals transient persistence of the left ventricular dysfunction since the LVEDP rises to abnormal levels in many cases.
An increase in cardiac output with increasing rates has also been noted by Linhart,17 but was not present in the studies of Sowten' or O'Brien.15 The reported response of normal patients to slowly progressive increments in rate has varied: Ross, using increments of at least 25 beats/min, noted a constant output at rates up to 130 beats/min, above which the output declined,19 whereas Benchimol observed a small increase in cardiac output at rates of 100-120 beats/min, and this response was more marked in heart failure patients.20 Dog studies have demonstrated that with increasing left atrial pressure, progressive increases in rate augment the cardioc output.21 This may be applicable to our patients with severe angina who frequently had an abnormal LVEDP at rest, pulmonary capillary pressures of 10-12 mm Hg, and, therefore, an initial higher filling pressure. Patient selection could thereby influence the cardiac output response to increasing heart rates. very high end-diastolic pressures. The left ventricular minute work imposed during atrial pacing is similar to resting values but the work increase with exercise is frequently marked; the ventricle must then shift to an enhanced inotropic state to accomplish the work at a normal LVEDP, a shift which the ischemic ventricle cannot achieve. Hence, exercise demonstrates abnormal left ventricular function more readily than does atrial pacing.
The tension-time index (TTI ) 25 and the product of systolic blood pressure and heart rate15 have both been proposed as practical indices of the myocardial oxygen demand. Whether angina is repeatedly produced by exercise26, 27 Progressive exercise tests, in contrast to atrial pacing, produce systematic increases in all the determinants of coronary blood flow.
The maximum blood flow through diseased coronary vessels should be inversely related to the number and severity of obstructive lesions. Therefore, the exercise level that produces angina may be inversely related to CAD severity. Our exercise results support this concept. Since the exercise group had predominantly severe disease, these results should not be extended to the entire spectrum of angina pectoris. Nevertheless, there is other evidence to support the relationship between the physical activity which produces pain and the visualized CAD. Elliott et al. 31 have observed that patients with rest pain frequently have severe CAD. Our patients with rest pain could not complete 3 min of exercise at 150 kp-m/min and had very severe CAD. Patients exhibiting positive treadmill exercise tests had comparatively more severe CAD than those with negative exercise tests, and atrial pacing failed to increase coronary blood flow in those patients with positive tests.32 Standard exercise testing has suggested a similar correlation between visualized obstructive lesions and the degree of ST-segment depression following exercise.12 However, progressive exercise tests may prove better predictors of CAD severity because: (1) the ischemic threshold can be reached in more patients; and (2) the workload can start at a level below the anginal threshold-an important condition if the exercise load is to truly reflect the level of the determinants of coronary blood flow. 27 Atrial pacing is a convenient and reasonably safe method of inducing transient myocardial ischemia. Each subject develops angina at a given level of TTI. Consequently, atrial pacing together with the measurement of TTI has been shown to be a useful tool in evaluating medical therapy,33 and should prove equally helpful in the future evaluation of surgical procedures. However, the pacing rate that induces angina should not be used as a criterion for the severity of CAD. Graded exercise testing provides a more reliable indication of both functional and anatomic severity.
